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Pore modelAlpha-synuclein is a natively unfolded protein widely expressed in neurons at the presynaptic level. It is
linked to Parkinson's disease by two lines of evidence: amyloid ﬁbrils of the protein accumulate in patients’
brains and three genetic mutants cause autosomal dominant forms of the disease. The biological role of
the protein and the mechanisms involved in the etiopathogenesis of Parkinson's disease are still unknown.
Membrane binding causes the formation of an amphipathic alpha-helix, which lies on the surface without
crossing the bilayer. Recent observations however reported that the application of a voltage induces a
pore-like activity of alpha-synuclein. This study aims to characterize the pore forming activity of the protein
starting from its monomeric form. In particular, experiments with planar lipid membranes allowed recording
of conductance activity bursts with a deﬁned and reproducible ﬁngerprint. Additional experiments with
deletion mutants and covalently bound alpha-synuclein dimers were performed to understand both pore
assembly and stoichiometry. The information acquired allowed formulation of a model for pore formation
at different conductance levels.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The biological role of a-syn has been discussed for several years;
some studies support its involvement in synaptic plasticity and
synaptic vesicle pool regulation [1–3]. The relevance of this protein
derives from its proposed role in Parkinson's disease (PD): amyloid
ﬁbrils of a-syn are found in proteinaceous aggregates in neurons,
called Lewy bodies [4]. In addition, three point mutations (A30P,
E46K and A53T) in the a-syn gene and the duplication or triplication
of the gene cause autosomal dominant early onset forms of PD [5–8].
Moreover, it has also been shown that polymorphisms around the
SNCA gene, encoding for a-syn, are associated with an increased inci-
dence of sporadic PD. In particular, the Rep1 repeat in the promoter
region [9] and 3′ UTR gene region [10] are subject to common varia-
tions, but it is unclear how these variations are risk factors for PD.
Recently, several studies proposed oligomeric intermediates on the
ﬁbril formation pathway as the most toxic a-syn species, as they can
disrupt cell membrane integrity [11–15].lio Nazionale delle Ricerche &
Trento, Italy.
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l rights reserved.a-Synwas among the ﬁrst proteins assigned to the natively unfolded
class [16], as it does not present any deﬁned secondary structure in
solution when puriﬁed from an overexpression system. However, two
very recent papers [17,18] proposed a purported tetrameric native
structure in solution that remains controversial [19]. As a-syn contains
the apolipoprotein repeat motif (KTKEGV) in its ﬁrst 100 residues
[20], it can assume α-helical structure after binding to detergent
micelles or liposomes. In particular, it is able to form an amphipathic
alpha-helix in the presence of membranes composed of negatively
charged lipids or detergents [20–23]. The helix lies on the membrane
surface, without crossing the bilayer [14,21,22,24]. Bisaglia et al. [25]
presented an NMR study of the ﬁrst 100 amino acid residues of a-syn
bound to sodium dodecyl sulphate (SDS) micelles, reporting that
the absence of the acidic C-terminal tail allows the residues 80–99 to
insert into the hydrophobic core of the micelle. Several studies support
the ideas that the C-terminal tail remains unfolded, and that a-syn
prefers vesicles composed of negatively charged detergents (such
as SDS), or phospholipids (like phosphatidyl-serine, phosphatidyl-
glycerol and phosphatidic acid). Alternatively, the protein can also bind
to a mixture of negatively charged and neutral phospholipids (like
phosphatidyl-choline and phosphatidyl-ethanolamine) [20,23,26,27].
In any case, it is well documented that the N-terminal region drives
the association with lipid membranes and the acquisition of the helical
secondary structure. In particular, themembrane association is drastical-
ly reduced in deletionmutants lacking the ﬁrst 10 or 20 residues [28,29].
In addition, each KTKEGV repeat contributes to membrane binding in a
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a-syn as two α-helices composed of residues 3–92, interrupted by a
break at the level of residues 37–45. Two other studies conﬁrmed the
formation of two α-helices interrupted by a break [25,32]. Alternative
models suggest the formation of a non-canonical α-helix characterized
by a periodicity of 11/3 to better accommodate membrane curvature
and place lysine residues at the interface between solvent and the sur-
face of small unilamellar vesicles [21,22,24,33]. In the latter model, the
lysine ε-amino groups are responsible for the electrostatic interaction
with the negatively charged phospholipid headgroups, while the acylic
chain prefers the hydrophobic environment of the lipid tails [21].
Bortolus et al. and Robotta et al. [34,35] reported evidence for an a-syn
broken helix in larger lipid vesicles, highlighting that the helical bending
is not imposed by a reduced curvature. Georgieva et al. [36] instead
described the presence of a single extended helix, but also suggested
the possibility that a-syn could assume both conformations when
bound to membranes. Several papers independently [37,38] found that
the a-syn helix can be either bent or extended, depending on the mem-
brane curvature, demonstrating the ﬂexibility of a-syn helix. Finally,
Middleton and Rhoades used Fluorescence Correlation Spectroscopy
to measure the binding afﬁnities of a-syn to membrane vesicles with
different diameters, reporting the highest afﬁnities for the vesicles with
the highest curvature [26].
Recent hypotheses link neuronal death to oligomeric species
of a-syn as they can interact with lipid membranes [12–15,35]. Trans-
mission electron microscopy was used to observe annular pore-like
oligomers in enriched preparations of aggregated a-syn [39]. That
paper suggests that cell death is caused by these annular structures
that are able to interact with the cell membrane and dissipate the
transmembrane potential. After the identiﬁcation of annular oligo-
mers bound to model lipid membranes [40], a similarity with pore
forming toxins was proposed.
In this frame, Kim et al. [41], performed electrophysiological
experiments on planar lipid membrane (PLM) using puriﬁed a-syn
monomers, oligomers or ﬁbrils. They compared the ability of the dif-
ferent a-syn conformations to destabilize the lipid bilayers, observing
deﬁned conductance levels for a-syn oligomers, but no channel-like
activity for a-syn monomers and ﬁbrils. They also reported that the
pore had a slight cation preference [41]. However, the pore forming ca-
pability of monomeric a-syn was previously reported by other groups.
Zakharov et al. [42] incubated monomeric a-syn puriﬁed by gel ﬁltra-
tion with membranes composed of 50% di-oleyl-phosphatidyl-glycerol
and 50% di-oleyl-phosphatidyl-ethanolamine (DOPG:DOPE=1:1),
reporting pore formation with deﬁned conductance levels. The authors
tested also A30P, A53T, and E46K PD linked mutants, describing an
activity strictly correlated with the membrane afﬁnity of each mutant.
Moreover, the authors pointed out that deﬁned conductance levels
were observed only in the presence of DOPE and a negative charged
lipid (DOPG or di-oleyl-phosphatidyl-serine). Another paper showed
pore activity of a-syn incubated with di-oleyl-phosphatidyl-choline
membranes containing small amounts of GM3 ganglioside [43]. This
work correlated a-syn activity with the presence of GM3 ganglioside
in neutral membranes.
The capacity of a-syn to permeabilize lipid membranes was also
studied in cell systems overexpressing the protein [42,43]: Feng and
co-workers [44] measured ion leakage upon the application of an
electrical potential in a dopaminergic cell line and they demonstrated
that a-syn is responsible for these conductance changes. However,
given the complexity of dopaminergic cell systems, it is not known
whether monomeric a-syn assembled in oligomers or oligomeric
intermediates on an a-syn aggregation pathway are the cause of
membrane permeabilization and the subsequent cytotoxicity.
Here we report a detailed characterization of the pore activity
of puriﬁed monomeric a-syn in lipid bilayers. It occurs via a-syn
oligomerization on the membrane surface with three uneven though
well-deﬁned conductance levels. The a-syn oligomers that form poresare strongly different from the oligomeric intermediates generated
during the aggregation pathway, mainly because of the reversibility
they showed in pore activity. In addition, the a-syn pore arises from
monomers with an alpha-helical structure bound to the membrane,
while oligomers from aggregation pathway share a beta-sheet enriched
structure in solution [15,45]. Even though it was not possible to identify
a physiological or pathological role for a-syn pores, we tried to unravel
the structure of these pores. For this purpose, covalently bound a-syn
dimers and deletion mutants were tested for their pore forming
properties. These analyses contributed to the conﬁrmation that it
is the N-terminal region of a-syn that is involved in pore formation.
Finally, a schematic model of the pore structure was hypothesized
from PLM data, as the rapid and transient pore formation cannot be
directly visualized with high resolution imaging techniques.
2. Materials and methods
2.1. Chemicals
Lipids were purchased from Avanti Polar Lipids (Alabaster, AL). All
the other chemicalswere purchased fromSigma-Aldrich (St. Louis,MO).
2.2. Protein preparation and puriﬁcation
The details of the expression system and the puriﬁcation proce-
dures used to produce the protein sample have been already described
in previous studies from our group [30,46]. Brieﬂy, wild-type (wt)
a-syn and all point mutants used for the experiments were cloned
into a pET-28a plasmid (Novagen,Merck KGaA, Darmstadt, Germany).
Human a-syn cDNAwas ampliﬁed by Polymerase Chain Reaction (PCR)
with synthetic oligonucleotides (Sigma-Aldrich) containing NcoI and
XhoI restriction sites designed to obtain the entire sequence of the pro-
tein (a-syn wt) or the ﬁrst 99 amino acids (syn99). The region coding
for the ﬁrst 52 amino acids (syn52) was ampliﬁed with the forward
primer containing an NdeI restriction site for cloning in frame with
a Histidine-tag. After digestion with restriction enzymes, the PCR
products were subcloned into the linearized vector. The N-terminal
dimer (NtD) and C-terminal dimer (CtD) were obtained by mutagenic
PCR, introducing respectively a point mutation in position 3 of the wt
sequence (V3C) and a triplet coding for cysteine at the end of the
sequence (C141). Under oxidizing conditions these recombinant pro-
teins can form dimers via disulﬁde bonds. Tandem dimer (CND) was
obtained by subcloning a second cDNA coding for a-syn wt in frame
with the ﬁrst one, to produce the ﬁnal product as a chimeric protein.
Wild type a-syn and all the dimers were expressed in Escherichia
coli BL21 (DE3) [47]. Overexpression of proteins was achieved by
growing cells in LB medium at 37 °C until an appropriate optical
density at 600 nm (OD600nm) of 0.3–0.4, followed by induction with
0.1 mM isopropyl β-thiogalactopyranoside (IPTG) for 4–5 h.
The cells were collected by centrifugation and recombinant proteins
were recovered from the periplasm by osmotic shock as previously
described [48,49]. The periplasmic homogenate was then boiled for
15 min and the soluble fraction, containing a-syn, was subjected to a
two-step (35% and 55%) ammonium sulphate precipitation. The pellet
was then resuspended, extensively dialyzed against 20 mM Tris–HCl
pH 8.0, loaded into a 6 ml Resource Q column (GE Healthcare, Fairﬁeld,
CT) and eluted with a 0–500 mMgradient of NaCl. At this stage, dimers
formed through disulﬁde bond were separated from monomers be-
cause they eluted at a different concentration of NaCl. Finally, proteins
were dialyzed against water, lyophilized and stored at−20 °C.
The identities of all the proteinswere veriﬁed bymass spectrometry.
2.3. Planar lipid membrane experiments
Solvent-free PLMs were composed of equimolar 1,2-dioleyl-
phosphatidyl-glycerol (DOPG)and1,2-dioleyl-phosphatidyl-ethanolamine
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volume of 2 ml, were made of Teﬂon. The Teﬂon septum separating
the chambers had a 150 μm diameter hole. Centrifugal ﬁltering devices
(Microcon, 100,000 molecular weight cut off, Millipore, Billerica, MA)
were used to prepare monomeric protein stocks in the same buffer
used for PLM measurements. Interestingly, these ﬁlters only permit
the dimer to pass though. In fact testing the ﬁlters with 50,000 molecu-
lar weight cut off, more than 90% of the monomeric protein, as deter-
mined by UV absorbance before and after the procedure (not shown),
is retained. Filtered protein was added to stable, preformed bilayers
on the cis side only (the cis side is where the electrical potential was
applied, and the trans side was grounded). Wt a-syn, syn dimers and
deletion mutants were added to reach a ﬁnal concentration in the
range of 0.1–0.7 μM (see result section). All experiments were started
in symmetric conditions, using a buffer comprising 5 mM Hepes,
100 mM KCl (pH 7.0) on both sides of the membrane. Initially, minia-
turemagnetic bars stirred the solutions on both sides of themembrane.
Then, a deﬁned voltage, typically +100 mV, was applied across the
membrane. The currents across the bilayer were measured, and the
conductance (G) was determined as follows [50]:
G pSð Þ ¼ I pAð Þ=V Vð Þ ð1Þ
where I is the current through the membrane, and V is the applied
transmembrane potential. Macroscopic currents were recorded by a
patch clamp ampliﬁer (npi, Tamm, Germany), ﬁltered at 100 Hz, digita-
lized and acquired at 2 kHz by the computer using a DigiData 1322 A⁄D
converter and pClamp software (Axon Instruments, Sunnyvale, CA). In
some cases the equivalent electrophysiological setup (Axopatch 200,A
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Fig. 1. Single pore recordings. [A] Planar lipid membrane recording of 0.5 μM a-syn in 5 m
of +40 mV. [B] Histogram of the current intensities reported in Fig. 1A. [C] Planar lipid m
DOPG:DOPE bilayer at a voltage of −40 mV. [D] Histogram of the current intensities re
(i.e., the dwell time of open 1, open 2 and open 3) are shown in the inset of panel D. In orde
exponential according to the standard models [63]. The lifetime values of wt and the threeDigiData 1200 and AxoScope from Axon Instruments) was used. All
measurements were performed at 22 °C. For the selectivity measure-
ment, KCl concentration was increased on the trans side to form a
3-fold concentration gradient.
3. Results
a-Syn at a ﬁnal concentration of 0.1–0.3 μM is able to open pores in
PLMs composed of DOPG:DOPE (1:1 ratio) upon application of either
positive or negative potentials. Current ﬂuctuations appear in bursts
(lasting typically from 0.1 to 1 s), with each step corresponding to
a single a-syn channel. Fig. 1A and C shows representative current
recordings for a-syn at +40 mV and −40 mV. In both cases at least
three consecutive conductance levels, called open1, open2, and open3
can clearly be resolved. For open1, the measured current was 1.4±
0.1 pA at an applied voltage of +40 mV, corresponding to a conduc-
tance of 35±3 pS. The current measured at the same potential
was 13±3 pA for open2 and 41±3 pA for open3, corresponding to
340±50 and 1020±70 pS, respectively. The three conductance levels
appear and disappear sequentially, open2 starts and ends only when
an open1 pore has previously been formed and similarly open3
starts and ends after an open2 pore has formed. The fact that (a) the
three conductance levels are not integral multiples of each other and
(b) that a new conductance state (i) can only appear or disappear
through the conductance level immediately before (i−1) or subse-
quent (i+1) to that considered, strongly suggest that structural
rearrangements may occur within the same single pore unit. These
structural changes should lead to consecutive pore architectures
having different conductance states. Fig. 1B and D shows the occupancyopen 2
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M Hepes, 100 mM KCl, pH 7.0 on a 1:1=DOPG:DOPE bilayer upon an applied voltage
embrane recording of 0.5 μM a-syn in 5 mM Hepes, 100 mM KCl, pH 7.0 on a 1:1=
ported in Fig. 1C. Inset Lifetime distributions of the three open levels at +100 mV
r to get the average lifetime of each open level the distribution was ﬁtted with a single
mutants are reported in Table 1.
+40 mV
+20 mV
0 mV
10 pA
0.4 s
A
B
Fig. 2. Current voltage characteristic and selectivity. [A] Current/voltage characteristic
of a-syn. Squares, circles and diamonds refer to open1, open2, and open3 levels, respec-
tively. Experimental conditions are set as in Fig. 1. Error bars represent S.D. obtained
from at least three independent experiments. [B] Ion selectivity experiments performed
by collecting an I/V plot of single channel current intensities of 0.1–0.5 μM a-syn bound
to a DOPG:DOPE=1:1 membrane in the presence of a salt concentration in the cis
and trans compartment of 100 mM and 300 mM, respectively. Error bars represent
S.D. obtained from at least three independent experiments. [Inset] Traces of the
current intensities measured in a selectivity experiment for an applied voltage of
0 mV, +20 mV or +40 mV.
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panels A and C. Open3 is the least frequent and the noisiest among the
three pore levels analyzed.
We assume the a-syn pore as being composed by ﬂanked helices
arranged to form a simpliﬁed cylindrical hole containing buffer. A
change in the number of a-syn helices constituting the pore results in
a conductance increases in agreement with a cylindrical geometry. An
estimation of the pore dimension [51] can be obtained from Eq. (2a):
G ¼ πσr
2
lþ π
2
r
ð2aÞ
resulting in Eq. (2b):
r ¼ r0 1þ 1þ
4l
πr0
 1
2
" #
; ð2bÞ
where r0=G/4σ, r is the pore radius, G the single pore conductance,
l the pore length (as a starting estimation, we consider it equal
to the membrane thickness, 5 nm) and σ the solution conductivity
(~12 mS/cm for 100 mM KCl).
From Eq. (2b) the pore radii are estimated to 0.22±0.02, 0.7±0.1,
and 1.4±0.1 nm for open1, open2, and open3, respectively. These values
are in the range of the measured dimensions of other pore forming
toxins with similar conductance (1 to 2 nm), such as α‐hemolysin
from Staphylococcus aureus [52] and actinoporins from sea anemone
[53].
3.1. Current–voltage characteristics and selectivity
Based on themeasured currents from the single channels at different
applied voltages, the current–voltage characteristic of each conductance
level can be obtained as reported in Fig. 2A. The I/V plot shows an ohmic
behavior between −100 and +100 mV for open1 and open2. Open3
events gradually decrease below −60 mV, both in terms of the event
number and the current intensity. The same behavior is observed for
open1 and open2 at negative voltages below −100 mV. Generally,
fewer events are recorded for all the conductance states upon negative
potentials, and burst activity is decreased when switching from posi-
tive to negative potentials. A non-linear I/V characteristic is usually
associated with an asymmetrical distribution of electrical charges
along the pore structure. The lower current measured at negative
applied voltages may therefore indicate that the negatively charged
C-terminal cannot cross the lipid membrane and remains in the cis
compartment.
It is possible to determine the cation/anion selectivity of a pore by
measuring its current–voltage characteristic in the presence of a salt
concentration gradient. When the cations or the anions present in
the solution have different permeability through the pore, the I/V
curve is expected to cut the x-axis outside the origin at a voltage
value called the reversal potential (Vrev) (Fig. 2B). The data shown
in Fig. 2B were obtained by collecting single channel current intensi-
ties at different applied voltages from at least three independent
experiments. The positive Vrev value observed (~20 mV) for open2
and open3 indicates that the a-syn pore is cation selective, with a per-
meability ratio of cation over anion (P+/P−) of about 10, as estimated
from the Goldman–Hodgkin–Katz equation [54]. As expected, no
electrical activity is observed when recording the current at a poten-
tial close to Vrev in the presence of a salt concentration gradient
(Fig. 2B, inset).
Cation selectivity is normally ascribed to the presence of a net
negative charge along the pore lumen. In the case of a-syn, and
according to its helical wheel projection [21,24], the hydrophobic
amino acids should account for the interaction of the helices forming
the pore with the membrane, leaving the negatively charged glutamic
acids positioned toward the water ﬁlled pore interior. Upon membranebinding the positively charged lysine groups will reorient themselves
from the interface between solvent and surface [21,22,24,33], to engage
in electrostatic interactions with the negatively charged phospholipid
headgroups through their ε-amino groups.
3.2. Dimers
To further explore the architecture of the pore, we produced
covalently linked a-syn dimers (Fig. 3A) and analyzed their ability
to permeabilize the PLM. The experimental strategy was to impose,
through dimerization (in all possible linear combinations) a series
of structural constraints on the possible relative orientation of the
a-syn molecules within the pores. In this frame, by addition of a
Cys group at position 141, a C-terminal linked dimer was generated
(C-terminal Dimer). The NtD (N-terminal Dimer) was obtained by
the substitution V3C. The third dimer, CND (C-terminal/N-terminal
Dimer), was obtained by subcloning a second a-syn gene after the se-
quence of the wt protein. Cys mutations were placed at the beginning
or at the very end of the primary structure to minimize potential
interference solely due to the mutated amino acid on the a-syn pore
activity.
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Fig. 3. Current recordings of dimers activity. Representative PLM signals are recorded for the three dimers of a-syn in the presence of 1:1=DOPG:DOPE membrane and 5 mM
Hepes, 100 mM KCl, pH 7.0 buffer. The applied potential was +100 mV. [A] Cartoon showing the different structure topologies of a-syn dimers. [B] CtD a-syn dimer pore activity.
[C] NtD a-syn dimer pore activity. [D] CND a-syn dimer pore activity.
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the PLM. An example of signals recorded at +100 mV for CtD, NtD,
and CND is shown in Fig. 3B to D. I/V plots of each dimer have the
same characteristics as a-syn wt (not shown). While CtD and CND
showed the same conductance levels as the wt protein over the
whole range of voltages, no deﬁned NtD activity was observed upon
application of potentials below +80 mV (data not shown).
The lifetime of each open level for each of the 4 considered pro-
teins were calculated (see Table 1). a-syn wt and CtD dimer behave
similarly with lifetime values in the range 60–80 ms for open1 and
open2 levels. Open3 has a shorter lifetime; this characteristic was
also evident from the traces reported in Figs. 1 and 3. The recorded
NtD activity presents signiﬁcantly longer lifetimes (more than double
compared to the wild type protein) for both the open1 and the open2
conductance states. This behavior, together with the reticence of
NtD to penetrate the membrane at low voltages, indicates that the
N-terminal is the region responsible for the pore forming activity. In
the NtD construct two N-terminal regions are covalently linked and
therefore need to penetrate the membrane together to form an activeTable 1
Opening level lifetimes of wt a-syn and dimers pores. The reported values are obtained
from exponential least square ﬁtting, ±S.D. of the experimental open times. In
brackets the number of events considered is reported. n.d. means not determined.
The experiments were performed at +100 mV under symmetrical conditions between
the cis/trans side solutions [5 mM Hepes, 100 mM KCl, pH 7.0].
Lifetime [ms]
Protein Open 1 Open 2 Open 3
wt 69±4 [170] 57±1 [186] 21±1 [65]
CtD 79±12 [42] 64±6 [61] 18±3 [38]
CND 113±13 [72] 124±4 [84] 62±4 [32]
NtD 182±34 [21] 155±11 [25] n.d.pore, possibly requiring more energy than a single N-terminal as
in wt a-syn. Accordingly, the NtD has a higher potential threshold
(+80 mV) to obtain the increase in conductance. However, once formed,
the NtD pore lasts longer than the wt a-syn pore (182±34 ms for NtD
and 69±4 ms for wt).
The CND dimer has an intermediate behavior, as reported by the
lifetime values in Table 1. The N-terminal region of CND is affected
in the pore forming function only by the covalent bond to the less
constrained C-terminal region.
4. Discussion
As other proteins involved in neurodegenerative diseases, a-syn
represents a challenge. Its biological role is still unknown and despite
its high estimated concentration in the brain (70–140 μM, [55])
knock-out mice did not reveal clear indications on its physiological
function [56]. On the other hand a-syn has a relevant role in PD,
which it is yet to be fully understood. A novel avenue of investigation
hinges on the recently documented property of a-syn to permeabilize
membranes, inducing a measurable current through a planar bilayer
upon the application of a potential [41–44]. All structural descriptions
[21,22,24,31] of wt a-syn bound to lipid membrane represent a-syn
as an amphipathic helix that lies on the surface without crossing the
bilayer. Our work and other recent papers [41–43] report evidence
that a-syn is able to insert into the membrane upon the application
of an electrical transmembrane potential. Zakharov and coworkers
[42] ﬁrst documented a-syn PLM signals upon the incubation of
size-exclusion puriﬁedmonomers of a-synwith differentmembranes,
showing that DOPE is compulsory for a-syn to open pores with a de-
ﬁned conductance. They propose a comparison of a-syn with colicins,
a pore forming bacteriocin. Applying the same conditions, we were
able to reproduce the signals shown in that paper and to further
characterize in detail how the pore forms starting from a monomeric
Open1
Open2
Open3
+ O1
+ O1
A
B
Fig. 4. a-Syn pore model. [A] Experimental conductance data for the 3 a-syn pore levels
and a curve ﬁt according to Eq. (2a), where the pore radius is calculated from Eq. (3).
n is the number of helices constituting the cluster, i.e. from Eq. (3), ni=n× i where
i is the pore level. The best ﬁt to our experimental data gave the following values
for the parameters: l=6.7 nm, n1=4, n2=8 and n3=12. According to Eq. (2b), the
radii for the conductance levels 1, 2 and 3 become 0.26, 0.9 and 1.6 nm, respectively.
[B] Cartoon representing the putative mechanism of a-syn pore assembly. The helices
constituting the pore unit are represented bywhite circles; the pore lumen is represented
by the gray central circle with an increasing radii.
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different scenario in which a deﬁned current resulted from a-syn
oligomers puriﬁed from mature ﬁbrils dissolved in supercooled water,
a process that is supposed to yield a-syn oligomers as prevalent species
in solution. The same authors reported that no deﬁned activity was
observed for a-syn monomers and ﬁbrils when using an electrically
neutral bilayer made of di-phytanoyl-phosphatidyl-choline in a 1 M
KCl solution. The presence of negatively charged lipids plays an impor-
tant role for the binding of a-syn to membranes, as negatively charged
lipid head groups can pair with lysine residues for the binding. More-
over, the high ionic buffer used by Kim et al. may inﬂuence the mem-
brane binding afﬁnity of a-syn monomers and aggregates, as shown
by [20] for negatively charged membranes. Kim et al. suggested a
similar activity between a-syn and melittin, a 26 residues long peptide
that is the main component of bee venom. To further increase the com-
plexity of the a-syn pore forming ability, another study suggested the
similarity with colicin E1 and reported the key role played by ganglio-
side GM3 [43]. Reports on cellular models in which attempts were
made to correlate a-syn and permeabilization-associated toxicity are
also present in the literature [44,57]. However, the non-selective
oligomeric a-syn pores invoked as the toxic species in the latter studies
are not likely to be correlated to the selective pores described in our
study, in which puriﬁed monomers were used as starting material.
The behavior of the a-syn channel activity described here, namely that
(i) it appears in bursts, (ii) the transient open channels have well de-
ﬁned conductance levels, and (iii) those levels are not integralmultiples
of the same conductance units, resembles the typical behavior already
described for alamethicin (alam), a peptide of 20 amino acid residues
from the fungus Trichoderma viride [51,58]. This peptide is able to as-
sociate to lipid bilayers as monomer and to permeabilize the mem-
brane by opening barrel-stave pores constituted of parallel bundles
of transbilayer helices, characterized by deﬁned current intensities [59].
The alam pore is formed by sequential association or dissociation
of a single alam helix oriented perpendicularly to the membrane sur-
face [59]. Different conductance states can therefore be reached with
the simple addition (or depletion) of a single helix to an active oligo-
meric pore [60]. Given these similarities, we adapted and generalized
the same geometrical model to the a-syn pore.
A simple calculation correlates the pore radius with the number of
transmembrane helices constituting the pore [61]:
ri ¼ a⋅
1
sin π=ni
 −1
2
4
3
5; ð3Þ
where ri and ni are the internal radius and the number of helices
constituting the pore with conductance level i and a is the radius of
each α-helix.
We assume that the a-syn helix radius is the one of a canonical
α-helix, given that the documented change in the periodicity of the
a-syn helix does not induce a signiﬁcant change in the helix diameter
[31]. Therefore, the progression of the measured conductance levels
can be predicted by a simple geometrical model in which the chan-
nels are supposed to be cylindrical with the diameters calculated
from the number of constitutive helices.
The conductance increase is interpreted as the growth of a starting
pore, formed by n1 helices, by the insertion of one or more further
helices. In the simpliﬁed case of a cylindrical hole, the relationship
between the pore radius and its conductance can be estimated by
Eq. (2a).
Fig. 4A shows the increase in conductance for different pore levels
according to Eq. (2a), where the pore radius was calculated using
Eq. (3). The open squares in the ﬁgure indicate the average conduc-
tances for the three pore levels, i.e., open1, open2, and open3 within
the ohmic range (±100 mV) obtained from the data recordings
(similar to those reported in Fig. 1). The best ﬁt to the experimentaldata was obtained by choosing l=6.7 nm, n1=4, n2=8 and n3=12.
The total length of the pore as resulted from the ﬁt is slightly longer
than the membrane thickness of 4–5 nm. This suggests that the
C-terminal may protrude towards the cis side. This is in agreement
with the result reported previously by Zhu et al. [15], where a tempo-
rary presence of 2–6 nm particles protruding from the lipid surface
was described. Interestingly, in our model the elementary pore unit
turned out to be composed by four helices; the successive levels are
obtained by the progressive insertion of further four helical units.
Notably, also recent studies [17,18] report that the tetrameric structure
of a-syn may be the physiologically active form.
Fig. 4B ﬁnally shows a cartoon representing how the pore may
assemble based on the barrel-stave model. Notably, open1 is given
by the opening of a pore constituted by a cluster of four helices, and
the transition to open2 and open3 is given by the sequential addition
of another four-helix unit. Each helical cluster can be formed by four
different a-syn monomers, or by a pair of a-syn polypeptide chains
each contributing with two u-tilted helices, as reported by Bisaglia
et al. for the a-syn structure adopted in lipid-like micelles [25,31].
The behavior of the dimers is compatible with a tetrameric unit
pore; in fact, in both CtD and CND dimers at least one N-terminal
is free and can act as a single monomer in building the pore unit.
For the NtD dimer, the two N-terminals are connected and therefore
need to act contemporarily. Accordingly, in our experiments the
NtD dimer needs higher energy to penetrate the bilayer, and, once
2882 L. Tosatto et al. / Biochimica et Biophysica Acta 1818 (2012) 2876–2883inserted, produces a more stable pore (Fig. 3A–D). Similarly, You et al.
and Okazaki et al. [60,62] reported that covalently bound alam dimers
gave rise to more stable current intensity recordings. Considering that
(i) non N-terminal constricted dimers (CtD and CND) showed simi-
larities with wt behavior and (ii) that the constricted N-terminal in
NtD dimer formed more stable pores we can assume that the active
species in membrane binding and pore formation are the monomers,
contributing each with two u-tilted helices. Furthermore the covalently
bound dimers do not acquire any secondary structure in solution,
as reported by NMR analysis (Bisaglia personal communication). The
C-terminal part of the protein is also expected to play a role in the
structure of the tetramer since two deletionmutants lacking this region
did not show any a-syn pore forming features (see Supplementary
Material).
The formation of the a-syn tetrameric structure in solution has
recently been reported both from protein puriﬁed from cellular
extracts [17] and protein produced by a recombinant system [18].
However, this soluble tetramer is not likely to be relevant to our
study, since the interactions that are proposed to hold together the
tetramer in aqueous solution, i.e. the hydrophobic interactions in the
core, are in the model structure that is proposed here instead necessary
to mediate the interaction with the hydrophobic membrane around
the pore.
In conclusion, a-syn PLM behavior ﬁts well with the barrel stave
pore model proposed for alam. At least three conductance states are
detectable, which we believe correspond to pores formed by four he-
lices of independent a-syn molecules clusters. The transition among
different conductance states is produced by the addition or removal
of a cluster of four helices. Given this model, the conductances of
open1, open2, and open3 pores ﬁt with pores composed by 4, 8 and
12 helices, respectively (see Fig. 4A and B). The model proposed
here is based on the progressive insertion of four helical units; each
unit may come from a different a-syn molecule, as recently suggested
[28]. Finally, we believe this study can be a starting point for future
investigations to identify the pore forming mechanism of a-syn and
to contextualize it within its physio/pathological frame.
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